Biosensor for the detection of virus was developed by utilizing plasmonic peak shift phenomenon of the gold nanoparticles and viral infection mechanism of hemagglutinin on virus and sialic acid on animal cells. The plasmonic peak of the colloidal gold nanoparticles changes with the aggregation of the particles due to the plasmonic interaction between nearby particles and the color of the colloidal nanoparticle solution changes from wine red to purple. Sialic acid reduced and stabilized colloidal gold nanoparticle aggregation is induced by the addition of viral particles in the solution due to the hemagglutinin-sialic acid interaction. In this work, sialic acid reduced and stabilized gold nanoparticles (d ¼ 20.1 AE 1.8 nm) were synthesized by a simple one-pot, green method without chemically modifying sialic acid. The gold nanoparticles showed target-specific aggregation with viral particles via hemagglutinin-sialic acid binding. A linear correlation was observed between the change in optical density and dilution of chemically inactivated influenza B virus species. The detection limit of the virus dilution (hemagglutinination assay titer, 512) was shown to be 0.156 vol% and the upper limit of the linearity can be extended with the use of more sialic acid-gold nanoparticles.
Introduction
Metallic nanoparticles absorb and scatter with great efficiency when interacting with light. This strong interaction between metallic nanoparticles and light occurs because the oscillating electromagnetic field of light initiates the coherent oscillation of the free electrons of the metallic nanoparticles. This oscillation is termed the surface plasmon resonance (SPR). SPR results in dipole oscillation along the direction of the electric field of light (Fig. 1) . The amplitude of the oscillation reaches the maximum at certain frequency of light and it is dependent on the particle size, shape, and refractive index of the solution. For noble metallic nanoparticles, the SPR-induced strong absorption or scattering of light can be easily measured by UV-Vis absorption spectrometer.
The SPR band position relies strongly on the size and shape of individual nanoparticles and interparticle distance [1, 2] . Gold nanoparticles typically display an SPR band at around 520 nm. The assembly or aggregation of the metallic nanoparticles usually results in a red shift of the plasmonic band. This SPR band shift can be easily observed by naked eyes with the color of the colloidal gold solution changing from red to purple to blue. Kreibig et al. showed the relationship of SPR band position and interparticle distance decades ago [3] . The interparticle distance-dependent SPR band shift is attributed to the electric dipole-dipole interactions and coupling between plasmons of the neighboring particles in the aggregates. When the interparticle distance is greater than the average particle diameter (dispersed state), the SPR band appears to be red, whereas the color turns to blue when the interparticle distance decreases to less than the average particle diameter (aggregated state).
This phenomenon has been well adopted in various detection schemes with specific targeting elements decorated on the nanoparticle surface for the targets of interest, such as polynucleotides [4, 5] , enzymes and proteins [6, 7] , cells [8] , and heavy metals [9] . In this chapter, we describe a method to develop the gold nanoparticles for the colorimetric detection of influenza virus based on the interaction between hemagglutinin, a protein expressed on the viral surface, and sialic acid, utilized as a surface stabilizing ligand on gold nanoparticles through a simple one-pot synthesis [10] .
Sialic acid is a surface ligand presented on the surface of lung epithelial cells and it is recognized as the primary binding site for influenza virus. Hemagglutinin is a surface protein on various viral species that binds to sialic acid on targeted cell surface for the viral infection process [11] . The binding of viral proteins to sialic acid has been studied for various pathogenic viruses, such as influenza virus [11] [12] [13] , human parainfluenza virus [14] , human coronavirus [15, 16] , and a specific serotype of rhinovirus [17] . Based on the binding capability of sialic acid to certain viruses, it is possible to design a colorimetric sensor for detecting virus using self-reporting plasmonic nanoparticles, which display plasmon shift upon binding to viral particles ( Fig. 2) . Such a quick and user-friendly detection method based on the binding between hemagglutinin on the influenza virus surface and sialic acid on the gold nanoparticle surface provides an effective means to identify individuals or animals infected with virus, and can help with early therapeutic intervention and reduce the spread of infection.
Materials

Equipment
IKAMAG ® Safety Control heating magnetic stirrer (IKA).
Eppendorf bench-top centrifuge (Model 5424).
Nanotrac particle size analyzer (Microtrac).
Ocean Optics USB 4000 UV-Vis spectrometer.
Millipore Milli-DI System.
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Sialic Acid Gold
Nanoparticle (SA-AuNP) Synthesis 1. Ten milliliter of 1.25 mM sialic acid (SA) solution was prepared in DI water at room temperature. The SA solution was mixed with 250 μL of 0.02 M HAuCl 4 followed by the addition of 50 μL 1 M NaOH in 20 mL glass vial (see Note 1).
2. The mixture was then stirred and heated for 80 C at 20 Â g for 15 min on a heating magnetic stirrer. The color of the solution changed from yellow to a dark red wine.
3. After the solution was cooled to room temperature, the gold nanoparticles were washed twice by centrifugation at 4500 Â g) using a bench-top centrifuge (Eppendorf 5424) for 20 min. After the centrifugation, supernatant was removed and the dark red pellet was suspended in DI water and stored until further use.
Influenza Virus Inactivation
1. Virus solution was provided in 10% FBS containing DMEM and it was inactivated by the addition of β-propiolactone (final concentration of 0.05%) for 1 h at 37 C.
2. Inactivated virus was stored at À20 C until further use.
Particle Size Analysis
Particle size analysis was performed on a Nanotrac particle size analyzer (Microtrac) with a built-in liquid sample holder. The concentration of the sample was adjusted for the optimal measurement condition. Three 30-s measurements were averaged for particle size determination, with results shown in Fig. 3c .
Determination of SA-AuNP Concentration
To determine the concentration of the SA-AuNPs solution, the volume-density method was used based on the assumption of face-centered cubic (fcc) gold structure and 100% reaction yield. First, the following equation was used to calculate the number of gold atoms in a gold nanoparticle. The calculation result yielded~250,000 gold atoms in 20.1 nm spherical-shaped gold nanoparticles. Since the initial concentration of HAuCl 4 is 0.5 mM, the final SA-AuNP concentration is 2 nM when resuspended in the same volume of DI water.
UV-Vis Measurements
Five hundred microliter of the solution containing SA-AuNP with or without virus was added into the 1 cm path length quartz cuvette and placed in the cuvette holder of the UV-Vis spectrometer (Ocean Optics USB 4000 UV-Vis spectrometer). Then the UV-Vis spectrum was measured immediately. Results are shown in Fig. 3a, b. 
Particle Size Analysis Measurements of SA-AuNP with Virus
Particle size of the SA-AuNP with virus was measured in the same way as described in Subheading 3.3. In short, the solution containing virus incubated SA-AuNP was placed in the built-in liquid sample holder of the particle size analyzer (Microtrac). The sample concentration was adjusted for the optimum result, as shown in Fig. 3d . The cuvette was then placed in UV-Vis spectrometer (USB 4000, Ocean Optics) and absorption spectra were measured every minute until a plateau was reached.
In a typical experiment, it was observed that the absorption spectrum of SA-AuNPs solution changed immediately after the addition of influenza B/Victoria solution, with increasing OD value at 600-610 nm and decreasing OD value at 510 nm over time. The spectrum becomes stabilized after several minutes, as shown in Fig. 4 . The absorbance of 0.4 nM SA-AuNPs solution was measured upon the addition of different dilutions of influenza B/Victoria. We observe that, when the virus concentration was <1.25 vol%, there was a linear correlation between the change of OD value (ΔOD) and the amount of added virus solution, with the detection limit estimated as 0.09 vol%. The final solutions after each test illustrated the gradual change of color from red to purple as the amount of virus solution increased (photograph in Fig. 4 ) . To increase the linear range of ΔOD vs. concentration of added virus solution, we used a higher concentration of SA-AuNP solution (0.8 nM) to conduct the similar tests, with results shown in Fig. 5a . It was observed that the linear range of ΔOD vs. concentration of added virus solution was extended to 2.5 vol% of virus in the solution. These results illustrate the importance of using a large amount of SA-AuNPs in the solution for virus detection when applying this scheme. We note that this method can also detect another virus subtype, influenza B/Yamagata. Results obtained from the influenza B/Yamagata solutions are similar to those of influenza B/Victoria and shown in Fig. 5b .
In conclusion, we demonstrate a simple method to synthesize gold nanoparticles using sialic acid as both the reducing agent and the stabilizing agent. Experimental results support the hypothesis that sialic acid molecules on SA-AuNP surface interact with viral envelope protein hemagglutinin, causing a colorimetric change of the SA-AuNP solution. The resulting SA-AuNPs can readily detect influenza B virus (HA titer of 512) diluted to 0.156 vol%. The method is effective for different influenza B lineages (Victoria and Yamagata) .
Notes
1. The amount of 1 M NaOH can be varied in the range of 20-100 μL to achieve the best results, as the local deionized water may have slightly different pH values. 
